ABSTRACT Alp/Enigma family members have a unique PDZ domain followed by zero to four LIM domains, and are essential for myofibril assembly across all species analyzed so far. Drosophila melanogaster has three Alp/Enigma family members, Zasp52, Zasp66, and Zasp67. Ortholog search and phylogenetic tree analysis suggest that Zasp genes have a common ancestor, and that Zasp66 and Zasp67 arose by duplication in insects. While Zasp66 has a conserved domain structure across orthologs, Zasp67 domains and lengths are highly variable. In flies, Zasp67 appears to be expressed only in indirect flight muscles, where it colocalizes with Zasp52 at Z-discs. We generated a CRISPR null mutant of Zasp67, which is viable but flightless. We can rescue all phenotypes by re-expressing a Zasp67 transgene at endogenous levels. Zasp67 mutants show extended and broken Z-discs in adult flies, indicating that the protein helps stabilize the highly regular myofibrils of indirect flight muscles. In contrast, a Zasp66 CRISPR null mutant has limited viability, but only mild indirect flight muscle defects illustrating the diverging evolutionary paths these two paralogous genes have taken since they arose by duplication.
three C-terminal LIM domains (ZASP/Cypher/Oracle/ LDB3/PDLIM6, ENH/PDLIM5, and PDLIM7/ENIGMA/ LMP-1) and four Alp family proteins that contain one N-terminal PDZ domain with only one C-terminal LIM domain (CLP36/PDLIM1/Elfin/hCLIM1, PDLIM2/Mystique/ SLIM, ALP/PDLIM3, and RIL/PDLIM4) (Faulkner et al. 1999; Vallenius et al. 2000; Jo et al. 2001; Pashmforoush et al. 2001; Zhou et al. 2001; Torrado et al. 2004; Vallenius et al. 2004; Cheng et al. 2010; Zheng et al. 2010; D'Cruz et al. 2016) . In Drosophila, Zasp52 has a PDZ, ZM (Zasp-like motif) and four LIM domains; while Zasp66 and Zasp67 feature only the N-terminal PDZ domain and a weakly conserved ZM domain. Zasp52 colocalizes with a-actinin at Z-discs and plays a role in myofibril assembly and maintenance (Jani and Schöck 2007; Chechenova et al. 2013; Katzemich et al. 2013) . Many different Zasp52 splice isoforms have been identified, resulting in up to 61 different proteins, some of which are restricted to specific muscle types (Katzemich et al. 2011; Brown et al. 2014) . Furthermore, RNAi-mediated knockdown indicates that Zasp52, Zasp66, and Zasp67 cooperate in myofibril assembly and play partially redundant roles at the Z-disc (Katzemich et al. 2013) . Mutations of Zasp52 orthologs in vertebrates cause similar defects, ranging from improper formation of somites and heart in zebrafish to fragmented Z-discs in skeletal and cardiac muscles in mice (Zhou et al. 2001; van der Meer et al. 2006; Cheng et al. 2010) . Similar to Drosophila, a ZASP/Cypher and ENH double knock-out in mice demonstrates partial redundancy in myofibril assembly (Mu et al. 2015) . A knockdown of the single Caenorhabditis elegans ortholog ALP-1 displays defects in actin filament organization, but motility defects are much milder than in vertebrates or Drosophila (McKeown et al. 2006; Han and Beckerle 2009; Nahabedian et al. 2012) . Mutations in the human ortholog ZASP result in phenotypes of variable severity from congenital myopathy with fetal lethality to late-onset cardiomyopathy (Sheikh et al. 2007; Shieh 2013) .
By necessity, the large majority of cytoskeletal proteins are common to all muscle types to ensure basic assembly and functionality of sarcomere contractility. Much less is known about proteins required for the assembly of specific muscle types. To better understand potential muscle type-specific proteins, we analyzed the function of Zasp66 and Zasp67 proteins. Phylogenetic tree analysis indicates that Zasp66 and Zasp67 are duplications of Zasp52. We show that Zasp67 is found only in some higher insect orders and appears to have an expression restricted to indirect flight muscles in Drosophila melanogaster, where it colocalizes with Zasp52 at Z-discs. In contrast, Zasp66 is found in all insects and is expressed equally in all muscle types in D. melanogaster. A CRISPR null mutant of Zasp67 is viable and flightless. Zasp67 mutants show extended and broken Z-discs in adult flies only, indicating that the protein helps stabilize the highly regular myofibrils of indirect flight muscles. In contrast, the CRISPR null mutant of Zasp66 shows high pupal lethality consistent with its wide-ranging expression in all muscle types but has only minor effects on indirect flight muscle organization. This work illustrates the different evolutionary trajectories taken by two paralogous genes.
Materials and Methods

Inferring homologous genes from 1Kite database in insect species
Single isoforms of Zasp52 (NP_001027420.2), Zasp66 (NP_729395.2), Zasp67 (NP_648358.2) and a-actinin (NP_477485.1) were compared to the 1Kite insect species database using TSA_BLAST. Only species publicly available at the time were included in the analysis. We recovered all possible homologous hits (BLAST cut-off = 0.1). Then, the retrieved hits were compared to the D. melanogaster transcriptome refseq_rna database using BLAST. "Candidate orthologs" were defined as those hits, that when compared back to the D. melanogaster transcriptome, would result in the original gene used for the first BLAST query. This approach filters out non-Zasp genes with conserved PDZ or LIM domains and distinguishes the orthologs from individual Zasp genes. We then made a list of the species in which orthologs were found from the BLAST output, and compared it with a list of all the species found in the 1kite database. Finally, the results were plotted next to a current phylogenetic tree model (Misof et al. 2014) . Data handling was done using R software. Commands from the following packages were used:"splitstackshape," "plyr," "tidyr," "plotrix" and "ape" (Gentleman et al. 2004; Paradis et al. 2004 ).
Insect Zasp67 homologs using the NCBI nr protein database A similar strategy as described above was used to fetch Zasp67 orthologs from the NCBI nonredundant protein database. The amino acid sequence of a single Zasp67 isoform (NP_648358.2) was used as query (BLASTp) and the entire nonredundant protein database as subject. The resulting hits were filtered by comparing them back to the D. melanogaster ref_seq protein database and selecting only the ones resulting in Zasp67 as the highest score hit. Finally, the protein sequences from the retrieved Zasp67 orthologs were analyzed using the Conserved Domain Database (CDD) Search from NCBI (Marchler-Bauer et al. 2015) .
Phylogenetic tree building
The amino acid sequences from Zasp52, Zasp66, and Zasp67 orthologs from different species and from the three D. melanogaster PDZ-containing proteins Scrib (Scribbled), Pyd (Polychaetoid), and Dysc (Dyschronic) were aligned using COBALT (Papadopoulos and Agarwala 2007) . We then restricted the alignment to the conserved region containing the PDZ domain. Finally, we estimated the phylogeny using PHYML through the T-REX server (Guindon and Gascuel 2003; Boc et al. 2012) . The initial tree was inferred with BioNJ, readjustments were done with PHYML, and branch support was estimated using nonparametric bootstrap analysis with 1000 replicates.
Analysis of the correlated expression and the developmental expression of Zasp genes in Drosophila using Modencode data
The mRNA expression data for all three Zasp genes was downloaded directly from Flybase as reads per kilobase of exon model per million mapped reads (RPKM) (Graveley et al. 2011; Marygold et al. 2016) . Then, the RPKM values between two genes were compared using scatter plots and the correlation coefficient was calculated. Plots and calculations were done in R software.
Adult muscle dissections
Indirect flight muscle dissections were done as previously described Xiao et al. 2017) . Briefly, flies were dissected in 100 ml of ice-cold Relaxing-Glycerol solution [20 mM sodium phosphate buffer, 5 mM MgCl 2 , 5 mM EGTA, 5 mM ATP, 5 mM DTT, protease inhibitor, glycerol 1:1 (v/v)]. Abdomens were removed before halving thoraces. Halved thoraces were placed in Relaxing-Glycerol solution and stored for 12 hr at 220°. Thoraces were then fixed in 4% formaldehyde for 1 hr at room temperature and subsequently washed with PBS containing 0.3% Triton (PBT). Muscle fibers were isolated from fixed thoraces and allowed to incubate for 1 hr in fluorescently labeled phalloidin (Alexa Fluor 488 phalloidin, 1:500), before washing with PBT. Stained muscle fibers were then mounted on a microscope slide and preserved using ProLong Gold antifade reagent (Thermo Fisher Scientific) until imaging. Other adult muscles were prepared similarly. Pupal dissections were carried out as previously described (Katzemich et al. 2012 ).
Imaging and Z-disc phenotype counting
Fluorescence images were acquired using a Leica SP8 pointscanning confocal system with a 633/1.4 oil objective. Muscle fiber images were processed and analyzed using Fiji/ImageJ (Schindelin et al. 2012) . The total number, number of abnormal, number of extended, and number of broken Z-discs were counted for each image. Normal Z-discs were defined as straight, continuous bars (Supplemental Material, Figure S3A ). Abnormal Z-discs were classified as either extended or broken. Z-discs with extensions continuously connected to the main core of the Z-disc were counted as extended Z-discs ( Figure S3B ). The extended disc classification included linked Z-discs, a commonlyseen formation of two or more Z-discs connected by thin strands originating from the cores. Broken Z-discs were defined as any Z-disc with a break in the continuity of the Z-disc core ( Figure S3C ). When a Z-disc was both "broken" and "extended", it was counted as broken.
Flight and climbing assays
After CO 2 anesthesia, flies were left to recover for a minimum of 4 hr before being tested. All tested flies were at least 2 days old. Climbing was assessed in plastic vials. Single flies were placed into tubes and tapped to bring the fly to the bottom. Once the fly began to climb up the vial wall, a 3 sec timer was started, and the final position of the fly was recorded. The climbing assay was performed three times per fly and the maximum value was used for statistics. For flight assays, individual flies were released from a plastic vial: if it flew upwards it was marked as a flyer, whereas if it fell or glided to the ground it was marked as a nonflyer. Samples of different sets of 30 flies were used to calculate the SE.
Drosophila genetics: Flies were maintained at 25°on standard cornmeal/agar food, and handled using standard fly stations. As a marker for the Z-disc we used Zasp52-MI02988-mCherry, a replacement of the Zasp52-MI02988 cassette (BDSC #41034) with the mCherry CDS inframe and flanked by exon acceptor/donor sequences (Venken et al. 2011; Xiao et al. 2017 ). Zasp52-MI02988-mCherry should label 19 out of 21 FlyBase-predicted isoforms. To rescue the Zasp67 mutant phenotype and to analyze Zasp67 expression and localization, we used a fosmid-based duplication that contains the Zasp67 gene with a C-terminal 2xTY1-SGFP-V5-preTEV-BLRP-3xFLAG tag (VDRC #318355) (Sarov et al. 2016) . We refer to this strain as Zasp67-GFP. Zasp67-GFP should label three out of four FlyBase-predicted isoforms. The deficiency Df(3L)BSC393 deletes Zasp67 (BDSC #24417) (Cook et al. 2012) . The recombinant stock carrying both the Zasp67 mutant and Zasp67-GFP rescue was generated by standard recombination crosses.
To rescue the Zasp66 mutant phenotype, we used a bacterial artificial chromosome-based duplication that contains the entire Zasp66 gene (BAC:CH322-127P23). We obtained the BAC from the BACPAC Resources Center at the Children's Hospital Oakland Research Institute. We then confirmed the BAC by restriction digests and end sequencing. Finally, we made a transgenic fly stock by incorporating the BAC into the second chromosome at the M{3xP3-RFP.attP}ZH-58A landing site. We refer to this strain as Zasp66-BAC.
Generation of Zasp66 and Zasp67 null mutants
Both Zasp66 and Zasp67 null mutants were made using CRISPR-mediated homology-directed repair. The Zasp67 null mutant is a 1736 bp deletion allele of Zasp67, that replaces exons 2, 3, and 4 of the Zasp67 gene with a cassette containing an attP site, a Gal4::VP16 fusion gene and a w + selection marker. The Zasp66 null mutant is a 4239-bp deletion allele that replaces exon 2, 3, 4, and part of exon 5 with the same cassette. We forced the simultaneous cleavage of two sites flanking the desired deletions, by coexpression of two gRNAs (Kondo and Ueda 2013) . The Zasp67 upstream gRNA sequence GATATCGCCCGATTCAGATG [CGG] , the Zasp67 downstream gRNA sequence TGCATTCACTCACTCACCAT[TGG], the Zasp66 upstream gRNA sequence CACCGCAAACTCATGCAGCT [TGG] , and the Zasp66 downstream gRNA sequence GGCTGCTCCTTGTAGTAGAC [TGG] were cloned into a U6 promoter plasmid. The replacement cassettes together with two 1 kb homology arms were cloned into pUC57-Kan vectors and used as donor templates for homology-directed repair. The two gRNAs and the donor plasmid were coinjected into w[1118]; attP40{nos-Cas9}/CyO embryos. The resulting flies were outcrossed, and the offspring carrying a w + selection marker were selected. The desired mutations were then validated by genomic PCR and sequencing. The mutagenesis projects were performed with the help of Wellgenetics. We used the following oligonucleotides for PCR validation:
Zasp67 exon 2 blue: OWG4141 ACTTCTACTCGAGCACCCCT. OWG4142 AAGGATGGGAAAGCTCACCG.
Zasp67 exon 4 green: OWG4143 GCGGGCGAGTTCTTTTAACC. OWG4144 TTCCGGCTGTCACACGTAAA.
Zasp67 up PCR red: OWG1824 CCATCGTGTTTACTGTTTATTGCC. OWG6830 CAAGTTGCGGGTAGGAAAAA.
Zasp67 down PCR magenta: OWG6829 AACGGAAACGA AAACAATCG. OWG1703 TCGGTTTTTCTTTGGAGCAC.
Zasp66 up PCR red: OWG5106 ATCCGCTCAAGGCTGATCTA. OWG1703 TCGGTTTTTCTTTGGAGCAC.
Zasp66 down PCR magenta: OWG5107 CACAAGGTTCTGCT GCAGTG. OWG1824 CCATCGTGTTTACTGTTTATTGCC.
Data availability
All Drosophila strains and materials generated in this study are available upon request. The authors affirm that all data necessary for confirming the conclusions of the article are present within the article, figures, and supplemental figures and tables. Table S1 lists the accession numbers of 1Kite genomes analyzed (related to Figure 1A ). Table S2 lists the accession numbers of proteins used to estimate Zasp phylogeny (related to Figure 1B) . Table S3 lists the accession numbers of Zasp66 and Zasp67 orthologs (related to Figure 2C ). Figure S1 shows a radial phylogenetic tree of insect species with Zasp orthologs highlighted (related to Figure 1A ). Figure S2 shows Zasp52 localization in a Zasp67 mutant (related to Figure 6 ). Figure S3 shows a quantification of the Zasp67 indirect flight muscle phenotype (related to Figure 6 ). Supplemental material available at FigShare: https://doi.org/10.25386/genetics.8001722.
Results
Zasp66 and Zasp67 are duplications occurring only in insects
We previously showed that Zasp52, Zasp66, and Zasp67 are similar to human Alp/Enigma proteins, but did not investigate the evolutionary history of this family (Katzemich et al. 2013) . We therefore first sought to discover which species have candidate orthologs of Zasp52, Zasp66, and Zasp67. We searched DNA and protein sequence databases with D. melanogaster Zasp52, Zasp66, Zasp67, and a-actinin sequences as input. Zasp52 and a-actinin orthologs occur in all metazoans, and predate the evolutionary appearance of muscles (Steinmetz et al. 2012) . Zasp66 orthologs are restricted to insects. Zasp67 orthologs are even more limited in distribution and can only be found in insects with indirect flight muscles ( Figure 1A , Figure S1 , and Table S1 ). The fact that we found Zasp52 in all species analyzed indicates that the absence of Zasp66 or Zasp67 in a given genome is likely not attributable to low genome quality. To confirm orthology, we chose representative Zasp members from each insect order and built a phylogenetic tree with their PDZ domains plus the PDZ domains of three closely related proteins from D. melanogaster ( Figure 1B and Table S2 ). The phylogenetic tree supports our Zasp annotation, because they form distinct and well-supported clades. In addition, Zasp52 and Zasp67 appear to be more closely related to each other than to Zasp66 ( Figure 1B ). These data suggest that Zasp66 and Zasp67 arose by duplication of Zasp52 in insects, with Zasp66 arising first. This is consistent with the more widespread distribution of Zasp66 ( Figure 1A) .
Sometimes duplicated genes acquire specific functions. To test if any of the three Alp/Enigma genes in flies has acquired a novel function, we first compared the mRNA expression profiles at different developmental stages of Zasp52, Zasp66, and Zasp67 using Modencode mRNA datasets. While Zasp52 and Zasp66 have highly correlated expression profiles (Spearman correlation = 0.86), the expression of Zasp67 is correlated with neither Zasp52 nor Zasp66 (Figure 2A ; Spearman correlation = 0.48 and 0.34). These relationships can be better seen when the expression profiles of these three genes are plotted over developmental time. Whereas Zasp52 and Zasp66 are coexpressed during embryonic and larval body wall muscle development, as well as adult muscle development, Zasp67 is exclusively expressed during adult muscle development ( Figure 2B ). The expression profiles suggest that both paralogs carry out distinct functions in Drosophila.
We also analyzed the length variation and domain composition of Zasp66 and Zasp67 orthologs. In contrast to Zasp66, Zasp67 orthologs vary widely in length and protein domain composition in different species (Figure 2 , C and D and Table S3 ). For example, while close to 90% of Zasp66 orthologs have a PDZ domain and a ZM motif (also called DUF4749), only 18% of Zasp67 orthologs have a ZM motif ( Figure 2C ). In addition, we found 38 different domains Table S1 . (B) Radial phylogenetic tree of the PDZ domain regions of Zasp proteins with bootstrap support values. Zasp52 (magenta), Zasp66 (green), and Zasp67 (orange) orthologs from selected species are shown as tip labels. The PDZ regions from three closely related non-Zasp proteins (Polychaetoid-Pyd, ScribbledScrib, and Dyschronic-Dysc) from Drosophila melanogaster were used as outgroups and are shown in black. Numbers next to the tree nodes denote the bootstrap support value. The distance scale represents the number of amino acid changes per site. The simplified tree on the right summarizes the phylogenetic relationships. Accession numbers are provided in Table S2 . present in some Zasp67 orthologs that are not commonly associated with Alp/Enigma family members and are not found in Zasp66 orthologs (Figure 2, C and E) . This suggests that Zasp67 orthologs have acquired novel functions in different insect lineages.
To further explore this hypothesis, we compared closely related Zasp66 and Zasp67 orthologs. Variable domain composition happens even between closely related species for Zasp67, but never for Zasp66 ( Figure 2E ). Whereas the Zasp67 proteins of most Drosophila species have a PDZ domain, Drosophila mojavensis Zasp67 features an additional C-terminal neuromodulin domain. The Zasp67 orthologs from two studied mosquito species are also divergent. Both contain a PDZ domain and a ZM/DUF4749 domain, but Aedes aegypti Zasp67 contains an additional Sec23_beta sandwich domain ( Figure 2E ). In contrast, the Zasp66 orthologs have the same protein domain composition and arrangement in most species analyzed ( Figure 2E ). These data highlight the variability of Zasp67 orthologs compared to Zasp66.
Zasp66 and Zasp67 expression and localization
We then explored fly Zasp66 and Zasp67 function in more detail. First, we asked if Zasp67 expression and localization is similar to Zasp52 and Zasp66 (Katzemich et al. 2013; Liao et al. 2016) . We analyzed indirect flight muscles for Zasp67 expression and localization with a fosmid-based duplication of the Zasp67 locus containing a C-terminal fusion of GFP to Zasp67 (Figure 3, A-D) . Zasp67-GFP is strongly expressed in indirect flight muscles and localizes to Z-discs (Figure 3, A  and B) . Zasp67 localization fully overlaps with Zasp52 at Z-discs, which can be seen by plot profiles and intensity correlation measurements (Figure 3, C and D) . We also analyzed a range of other adult muscles including the jump muscle, leg muscle, and midgut muscle. None of these muscles show any Zasp67 expression (Figure 3 , E-G), indicating that Zasp67 expression appears to be restricted to indirect flight muscles. In contrast, Zasp66, which also colocalizes with Zasp52 at the Z-discs of indirect flight muscles (Katzemich et al. 2013) , is additionally found at Z-discs of all other muscles we analyzed (Figure 3 , H-J). This further confirms the similar spatial expression of Zasp66 and Zasp52.
A CRISPR null mutant of Zasp67 is flightless
To investigate the function of Zasp67, we generated a null mutant using CRISPR-mediated homology-directed repair. We replaced three N-terminal exons containing the PDZ domain of Zasp67 with a dominant genetic marker ( Figure  4A ). This knock-out deletes all annotated isoforms of Zasp67 and was verified by various genomic PCRs testing for cassette insertion and exon deletion ( Figure 4B ). We next assayed the flying ability of Zasp67 mutants. In contrast to wild type (Oregon R), Zasp67 homozygotes are flightless. Zasp67 mutants transheterozygous over the deficiency Df(3L)BSC393, which deletes Zasp67, are equally flightless, indicating that our Zasp67 mutant is indeed a null mutant, and that the flightless phenotype is caused by a mutation in Zasp67 (Figure 4C) . Control flies Zasp67/+, Df(3L)BSC393/+, and Zasp67-GFP/+ have flying capabilities similar to wild-type flies ( Figure 4C ). Finally, we can largely rescue flight defects of Zasp67 homozygotes and Zasp67/Df(3L)BSC393 transheterozygotes by re-expressing Zasp67 with the fosmid-based Zasp67-GFP fusion transgene ( Figure 4C ). This confirms that the flightless phenotype is caused by the Zasp67 mutation. Additionally, it indicates that the GFP tag does not interfere with Zasp67 function. Using the same genotypes, we also assessed climbing ability of Zasp67 flies, but could not detect statistically significant differences between wild type, Zasp67 mutant, and Zasp67 expressing Zasp67-GFP ( Figure 4D ). The absence of climbing defects is consistent with the lack of expression of Zasp67 in leg and jump muscles.
A CRISPR null mutant of Zasp66 shows high pupal lethality
To better investigate the function of Zasp66, we also generated a null mutant using CRISPR-mediated homology-directed repair. We replaced six N-terminal exons encoding the PDZ and ZM domain of Zasp66 with a dominant genetic marker ( Figure  5A ). This knock-out deletes all annotated isoforms of Zasp66 and was verified by genomic PCRs confirming cassette insertion ( Figure 5B ). The Zasp66 null mutation affects neither flying nor climbing ability of flies surviving to adulthood (Figure 5, C and D) . However, the Zasp66 mutant shows high pupal lethality, consistent with the ubiquitous expression of Figure 5E ). In addition, pupal lethality can be partially rescued by Zasp66-BAC, demonstrating that Zasp66 is responsible for the observed phenotype ( Figure  5E ).
Zasp66 in muscles (
Zasp67 mutants have defective indirect flight muscle myofibrils
The indirect flight muscles of Zasp67 mutants were also analyzed using confocal microscopy to determine if there are visible structural defects. Myofibrils of wild type indirect flight muscles are highly regular structures with identical sarcomere width and length and identical Z-disc size ( Figure   6A ). In contrast, Zasp67 mutant myofibrils or Zasp67/Df(3L) BSC393 mutant myofibrils exhibit substantial structural defects ranging from split myofibrils to extended or broken Z-discs ( Figure 6 , B and C). These phenotypes are fully rescued by re-expressing Zasp67-GFP ( Figure 6D ). Furthermore, there are no changes to Zasp52 levels or localization in Zasp67 mutants, indicating that Zasp52 does not appear to be upregulated in response to an absence of Zasp67 ( Figure  S2 ). In contrast, the Zasp66 indirect flight muscle phenotype is considerably milder, with few obvious defects visible at the confocal microscopy level (Figure 6E ), in line with its normal flight behavior. To confirm the Zasp67 phenotype, we quantified the ratio of abnormal to normal Z-discs per image in wild type, Zasp67, Zasp67/Df(3L)BSC393, and Zasp67-GFP-rescued flies (Figure S3, A and D) . We also further subdivided abnormal Z-discs into extended Z-discs ( Figure S3 , B and E) and broken Z-discs (Figure S3, C and F) . In all cases, Zasp67 mutant and Zasp67/Df(3L)BSC393 show similar defects, which can be rescued by Zasp67-GFP. Extended Z-discs are more common than broken Z-discs (Figure S3, E and F) .
Finally, we wanted to know if the Zasp67 null mutant phenotype arises already during development, similar to the Zasp52 and Zasp66 RNAi phenotypes (Katzemich et al. 2013) . We therefore stained pupal indirect flight muscles shortly before eclosion, when muscles have not yet been used for flying, at 96 hr after puparium formation. At this stage, no defects are visible compared to the wild type ( Figure 7A ). Abnormal Z-discs become first clearly apparent in 2-day-old flies ( Figure 7B ). 7 day-old flies have more severe defects with more frayed myofibrils, showing a phenotype progression with age ( Figure 7C) .
Altogether, these data indicate that Zasp67 is required for the maintenance of indirect flight muscles rather than for sarcomere assembly during pupal development. In addition, Zasp67 plays a more important role in myofibril stability and maintenance of adult indirect flight muscles than Zasp66.
Discussion
Here, we have analyzed the evolutionary origin of Zasp66 and Zasp67 and their function in muscle development. We show that Zasp67 functions in indirect flight muscle maintenance in D. melanogaster, whereas its paralog Zasp66 functions in all muscles with only minor functions in indirect flight muscles.
The evolutionary origin of Zasp66 and Zasp67
Zasp52 has a PDZ domain and four LIM domains and is the evolutionarily oldest member of the Alp/Enigma family in insects, because orthologs can be found in all metazoans and even in some unicellular eukaryotes (Steinmetz et al. 2012) . In contrast, Zasp66 is a duplication of Zasp52 that we could detect only in insect species (Figure 1 ). Zasp67 is a more recent duplication of Zasp52, and can be found only in a subset of insect orders with indirect flight muscles (Figure 1) .
Gene duplication is known to be an important mechanism for the evolution of novel or specialized gene functions by providing new genetic material for evolutionary forces to act on (Zhang 2003) . Indeed, large proportions of genes in all three domains of life were generated by gene duplication, including 20% of the genes found in D. melanogaster (Gu et al. 2002) . The duplication of a gene frees one redundant copy to diverge and adopt either a partially or completely different function. Otherwise, the redundant copy disappears by the accumulation of mutations, because it is unlikely that two genes with identical functions are maintained in a genome (Zhang 2003 ). As we do not know the ancestral function of Zasp52 in arthropods before Zasp66 and Zasp67 evolved, we cannot rigorously evaluate the evolutionary trajectories of Zasp66 and Zasp67. However, based on the functional data, we propose the following scenario for Zasp66 and Zasp67 in D. melanogaster: Zasp66 expression and localization is identical to Zasp52 (Figure 1 and Figure 3 ) (Hudson et al. 2008) , and some of its functions residing in the PDZ domain, like a-actinin binding, are conserved with Zasp52 (Katzemich et al. 2013) . In addition, RNAi knockdown indicates partial redundancy of Zasp66 and Zasp67 with Zasp52 (Katzemich et al. 2013) . The domain organization of Zasp66 is conserved across orthologs of different species, but Zasp66 orthologs consistently lack the three C-terminal LIM domains. This suggests that Zasp66 carries out distinct functions related to the absence of LIM domains.
For Zasp67, we observe a spatially and temporally restricted expression in indirect flight muscles (Figure 3 ). In addition, Zasp67 has a strong role in myofibril maintenance, but does not appear to be required for pupal myofibril assembly (Figure 7 ). This sets Zasp67 apart from Zasp66 and Zasp52, which are both required for pupal myofibril assembly (Katzemich et al. 2013) , and could be a reason for why D. melanogaster Zasp67 was retained after duplication. On the other hand, most Zasp67 orthologs in other species are highly diverse, with different orthologs having acquired different additional protein domains not usually found in Alp/ Enigma family proteins (Figure 2 , C-E). As we found Zasp67 orthologs only in some insects with indirect flight muscles, Zasp67 may have been more widespread initially, and may have been lost from several insect orders. Other Zasp67 orthologs may have additionally acquired different expression patterns, making them function in different muscles or even different tissues. We therefore propose that, upon the duplication event, most Zasp67 orthologs either acquired novel functions depending on which protein domains they have gained, or they disappeared by the accumulation of mutations. Given that Zasp52 has so many different splice isoforms, it is surprising that they are not sufficient for all muscle type-specific functions. It suggests as yet undiscovered functional constraints on Zasp52 evolution that led to the retention of Zasp66 and Zasp67 without LIM domains.
In D. melanogaster, Zasp67 appears to function exclusively in myofibril stabilization of indirect flight muscles, to a certain degree in conjunction with Zasp52 and Zasp66. This maintenance defect of indirect flight muscles of Zasp67 mutants is stronger than that of Zasp66, and can easily be observed by confocal microscopy ( Figure 6 and Figure 7) . In contrast, the indirect flight muscle phenotype of Zasp66 is milder, but appears already during pupal stages (Katzemich et al. 2013) , suggesting that Zasp67 has taken over some or most of the maintenance roles in indirect flight muscles that are carried out by Zasp66 or Zasp52 in other species.
In summary, Zasp67 has acquired specialized functions in D. melanogaster in stabilizing indirect flight muscles, whereas its paralog Zasp66 appears to function together with Zasp52 in mediating general functions of myofibril assembly.
